Angiogenesis alleviates hypoxic stress in ischemic tissues or during tumor progression. In addition to endothelial cell proliferation and migration, the angiogenic process requires bone marrow-derived cell (BMDC) recruitment to sites of neovascularization. However, the mechanism of communication between hypoxic tissues and the BM remains unknown. Using 2 models of hypoxia-induced angiogenesis (ischemic hindlimb surgery and subcutaneous tumor growth), we show that platelet infusion promotes BMDC mobilization into the circulation, BMDC recruitment into growing neovasculature, tumor vascularization, and blood flow restoration in ischemic limbs, whereas platelet depletion inhibits these effects. Thus, platelets are required for BMDC recruitment into ischemia-induced vasculature. Secretion of platelet ␣-granules, but neither dense granules nor platelet aggregation is crucial for BMDC homing and subsequent angiogenesis, as determined using VAMP-8 ؊/؊ , Pearl, and integrin Beta 3 ؊/؊ platelets. Finally, platelets sequester tumor-derived promoters of angiogenesis and BMDC mobilization, which are counterbalanced by the antiangiogenic factor thrombospondin-1. A lack of thrombospondin-1 in platelets leads to an imbalance in proangiogenic and antiangiogenic factors and accelerates tumor growth and vascularization. Our data demonstrate that platelets stimulate BMDC homing in a VAMP-8-dependent manner, revealing a previously unknown role for platelets as key mediators between hypoxic tissues and the bone marrow during angiogenesis. (Blood. 2011;117(14): 3893-3902)
Introduction
Angiogenesis, the process of new vessel formation, is necessary for tissue repair after ischemia, myocardial infarction, or during wound healing. Angiogenesis also occurs in various pathologies, including neoplastic growth and retinopathies. Angiogenesis is a systemic process, not limited to existing vasculature expansion, but also involving the recruitment of other cell types, including immune cells, bone marrow-derived cells (BMDCs), and fibroblasts. Because the angiogenesis begins with vascular leakage, the role of blood cells in this process is significant but remains undetermined.
We and others have demonstrated the importance of recruited BMDCs in tumor growth and wound healing. [1] [2] [3] Recruited BMDCs cluster at future metastatic sites before the arrival of tumor cells. 4 In tumors, BMDCs localize to the perivascular area 1, 2 and are critical for tumor vessel maturation through cytokine and growth factor secretion. 5, 6 In addition, proangiogenic BMDCs accumulate around developing collateral arteries in regenerating myocardial tissues and in ischemic hindlimbs, promoting revascularization. [7] [8] [9] [10] Although the importance of BMDCs in hypoxia-induced angiogenesis is clear, the question of how ischemic tissue communicates with the BM remains unanswered. Although it is logical that the signal for BM to release proangiogenic cells is transmitted by the circulation, there is a need to protect this signal from reaching other parts of the organism and to ensure the specificity of communication. Thus, circulating blood cells, such as platelets, could play a role in protecting the signal between hypoxic tissues and the BM.
Several studies have suggested that circulating platelets have a strong proangiogenic function, [11] [12] [13] [14] the mechanisms of which are poorly understood. Platelets contain 3 secretory vesicles: ␣-granules, dense granules, and lysosomes, which each store a different set of proteins. Importantly, platelets are capable of selectively uptaking and releasing proangiogenic and antiangiogenic factors. 15, 16 Proangiogenic factors predominate in platelets, whereas at least 3 angiogenesis inhibitors are present: platelet factor-4, endostatin, and thrombospondin-1 (TSP-1). 12, 17 Thus, we theorize that platelets serve as a regulated storage compartment for growth factors and cytokines. Importantly, platelets are recruited to sites of vascular injury and are functionally associated with leukocytes and other blood cells 14, [18] [19] [20] [21] ; however, the exact functions of platelets in angiogenesis are enigmatic. Therefore, we hypothesize that, during neovascularization, in addition to hemostasis, 11, 13 platelets play a novel role in BMDC-induced angiogenesis. In this study, using 2 distinct models of hypoxia-induced angiogenesis (tumor growth and hindlimb ischemia), we demonstrate that platelets facilitate the release of proangiogenic cells from the BM and their subsequent recruitment into hypoxic tissues, which promotes neoangiogenesis in vivo.
Methods

Animal studies
Six-to 10-week-old, sex-and age-matched C57BL/6 (WT), WT/GFP, TSP-1 Ϫ/Ϫ , and integrin Beta 3 Ϫ/Ϫ mice were purchased from The Jackson Laboratory. Matched Pearl (HPS2 Ϫ/Ϫ ) mice were obtained from Dr Lisa Young (University of Cincinnati), whereas VAMP-8 Ϫ/Ϫ (endobrevin) mice were provided by S.W.W. All transgenic animals were on a C57BL/6 background. Separately, matched NOD/SCID mice were obtained from The Jackson Laboratory. All animal procedures were performed in accordance with an approved institutional protocol according to the guidelines of the Institutional Animal Care and Use Committee of the Cleveland Clinic.
Unilateral hindlimb ischemia model
A unilateral 1.0-cm incision was made in the left thigh of anesthetized mice to expose the femoral artery. An upper ligation was placed 0.5 cm proximal to the femoral artery bifurcation, with 2 additional ligatures placed on the deep bridge and collateral artery 3.0 mm from the bifurcation. The femoral artery was severed between the ligatures to terminate blood flow (BF).
Doppler imaging
A Moor LDI2-VR Laser Doppler was used for noncontact measurement of BF. Each mouse was scanned before and after ischemia, with additional biweekly monitoring, until 14 days postoperatively from a 20-cm distance at a low speed (10 m/s per pixel). Uniform regions of interest were applied to the operated hindlimb, and BF units were recorded and compared with readings obtained before surgical intervention.
Tumor implantation
WT mice were injected subcutaneously with 2 ϫ 10 6 B16-F10 murine melanoma cells (8 mice/group). Tumors were harvested by detaching the surrounding connective tissue 9 days after implantation, weighed, and processed for immunohistochemistry. In addition, WT mice were injected subcutaneously with 4 ϫ 10 5 RM1 murine prostate cancer cells, and tumors were harvested 12 days after implantation (5 mice/group). Separately, NOD/SCID mice were injected subcutaneously with 4 ϫ 10 5 LNCaP-C4-2 human prostate cancer cells and tumors were harvested 28 days after implantation (4 mice/group).
Platelet isolation and injection
Blood was collected from WT, transgenic, or NOD/SCID mice through the vena cava into 0.1 volume of acid-citrate-dextrose buffer containing 1 g/mL prostaglandin E 1 . Platelets were separated from the platelet-rich plasma of blood by centrifugation, washed by gel filtration, and resuspended in buffer (137mM NaCl, 4mM KCl, 0.5mM MgCl 2 , 0.5mM Na 2 HPO 4 , 11.1mM dextrose, 0.1% bovine serum albumin, 10mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid, pH 7.4), as previously described. 22 Platelets (ϳ 3 ϫ 10 9 ) from 2 donor mice in resuspension buffer were injected into a single recipient WT mouse via the tail vein. Control animals were injected with resuspension buffer. Platelet infusion was repeated every 5 days until experimental termination.
Platelet depletion
Mice received tail vein injection of rat antimouse GPIb␣ or control rat IgG (2 g/g, Emfret Analytics) antibodies. Injections were repeated every 3 days to maintain low platelet counts. Tail vein blood samples were used for platelet counts before intervention and after each injection of GPIb␣ antibody via complete blood count analysis with differential using an Advia 120 laser hematology system (Siemens Healthcare Diagnostics) in the Center for Cardiovascular Research at the Lerner Research Institute.
Flow cytometric analysis
Blood samples were collected in 0.1M ethylenediaminetetraacetic acid from the tail vein. Red blood cells were removed using a Mouse Erythrocyte Lysing Kit (R&D Systems). Lymphocytes (1 ϫ 10 6 ) were blocked with murine Fc (1:50), incubated with a phycoerythrin-conjugated CXCR4 antibody (1:50; R&D Systems) and fixed in 1% formalin. Fluorescence values of stained lymphocytes analyzed using a BD FACS Canto II (BD Biosciences) running the FACS Diva software Version 6.0 were normalized to an unstained control sample.
Bone marrow transplantation
Six-to 10-week-old WT C57BL/6 mice were lethally irradiated (9 Gy) and reconstituted through tail vein injection with 1 ϫ 10 7 BM cells isolated from green fluorescent protein-positive (GFP ϩ ) donor femurs. Mice were analyzed 8 weeks after bone marrow transplantation.
Histology and immunohistochemistry
Tissues were embedded in OCT and snap frozen in liquid nitrogen or fixed in 10% buffered formalin followed by paraffin embedding. Frozen sections were used for CD31 staining (1:100, Fitzgerald Industries). The Vectastain Elite ABC kit was used for chromogenic visualization (Vector Laboratories). Paraffin sections were used for laminin (1:1000; Sigma-Aldrich), von Willebrand factor (1:2000; Dako North America), and GFP (1:500, AnaSpec) immunohistochemistry. Secondary antibodies were used at 1:200 dilutions.
Image acquisition
Images were captured using a Leica DMR 2500 Inverted fluorescence microscope with a QImaging Retiga EXi camera controlled by the QImaging QCapturePro v6.0 software. The objectives used were 10ϫ/0.30 NA, 20ϫ/0.05 NA, or 40ϫ/1.25 NA oil. Leica Type N Immersion Liquid was used for the 40ϫ oil images. Stained areas were quantified for 5 fields per section by scanning the entire image with ImagePro Plus software (Version 5.1; Media Cybernetics).
Platelet content analysis
Isolated platelets from NOD/SCID mice without or bearing LNCaP-C4-2 tumors were lysed in RIPA buffer containing 1mM protease inhibitors. The resulting lysates were assayed with a custom-designed Quantibody humanspecific protein array from RayBiotech to detect tumor-derived proteins according to the manufacturer's protocol. The fluorescently labeled array was analyzed using an Axon 4000B (Molecular Devices) scanner in the LRI Genomics Core. Four replicate values were extracted using the Axon Gene Pix Pro Version 4.1 software and analyzed using the RayBiotech Custom Raybio Q-Analyzer Version 1.0 software, which uses standardized dilutions of each protein to create standard curves used in determining the concentration in picograms per milliliter of each protein in the samples.
Statistical analysis
Data were represented as the mean Ϯ SEM and analyzed using a 2-tailed Student t test or 1-way analysis of variance with Newman-Keuls posttest using the GraphPad Prism Version 4.03 software.
Results
Platelets induce BMDC mobilization in response to distal hypoxia
We and others have shown that tumors summon BMDCs to sites of angiogenesis [1] [2] [3] ; however, the mechanism behind this recruitment remains unknown. In this study, we used 2 models of hypoxiainduced angiogenesis (subcutaneous tumor growth and hindlimb ischemia) to elucidate the mechanism of BMDC recruitment to neovascularization sites. We used CXCR4/CD184 expression, a G-protein linked 7 transmembrane domain chemokine receptor found on a majority of BM progenitor cells, as a marker to quantify the presence of BMDCs in the circulation by flow cytometry. As shown in Figure 1A , ischemia, represented either by hindlimb muscle with impaired blood supply or by a growing tumor, resulted in mobilization of CXCR4 ϩ cells into the circulation. Hindlimb ischemia stimulated 2.05-fold higher CXCR4 ϩ circulating cell levels compared with samples collected before intervention ( Figure  1A ). Likewise, similar increases were observed on tumor implantation using 3 tumor models: B16-F10 murine melanoma (1.84-fold), RM1 murine prostate cancer (1.63-fold), and LNCaP-C4-2 human prostate cancer (1.23-fold) compared with levels before tumor implantation ( Figure 1A ). The lower mobilization of CXCR4 ϩ cells induced by LNCaP-C4-2 tumors is probably the result of the use of immunocompromised mice. These data indicate that distant hypoxic sites communicate with the BM to stimulate BMDC release, which might support neovascularization. Because B16-F10 implantation induced the greatest change in CXCR4 ϩ levels and a percentage (10.04% Ϯ 3.09%) consistent with the consequences of hindlimb ischemia (7.53% Ϯ 2.87%), we focused on these 2 in vivo models to assess the role of platelets.
We hypothesized that platelets function as communicators between hypoxic tissues and the BM. Accordingly, we altered platelet levels in our 2 neovascularization models using complement approaches: platelet depletion and platelet infusion. Circulating platelets were reduced using a GPIb␣ antibody by greater than 90% compared with control IgG (data not shown), consistent with previous reports. 1, 12, 13 Infusion of approximately 3 ϫ 10 9 gelfiltered platelets into mice increased the platelet count by 2.70-to 3.00-fold compared with control mice (data not shown). Using B16-F10 tumor implantation and flow cytometry, we determined that the levels of CXCR4 ϩ cells in the circulation increased with platelet infusion by 3.94-fold and decreased with platelet depletion by 1.63-fold compared with mice before implantation ( Figure 1B) . Likewise, hindlimb ischemia alone stimulated CXCR4 ϩ mobilization 1.80-fold compared with before ischemia. Platelet infusion increased circulating CXCR4 ϩ cells 2.00-fold ( Figure 1C ), whereas platelet depletion diminished cell levels 2.67-fold ( Figure 1D ) compared with ischemia alone. Thus, the presence of platelets promotes BMDC release in both models of angiogenesis.
Platelet levels regulate BMDC recruitment to sites of hypoxic stress
Having demonstrated that platelets control BMDC mobilization, we then determined the effects of altering platelet levels on BMDC recruitment to sites of hypoxia-induced angiogenesis. To visualize BMDCs in hypoxic tissues, we replaced the BM of WT mice with that from GFP mice via bone marrow transplantation, implanted tumors or performed ischemia surgery, and then depleted or infused mice with platelets. Tumors from mice with depleted or infused platelets were stained with smooth muscle actin to visualize the vasculature ( Figure 2A ). GFP ϩ cells were recruited to the tumor periphery and alongside tumor vasculature. Platelet infusion resulted in 1.91-fold higher infiltration of GFP ϩ BMDCs adjacent to tumor vasculature, whereas platelet depletion resulted in a 1.87-fold decrease compared with tumors from control mice ( Figure 2B ). Thus, platelet depletion inhibited GFP ϩ BMDC recruitment, whereas platelet infusion elevated BMDC levels in hypoxic tumor tissue. Similar results were obtained using the hindlimb ischemia model. Two weeks after femoral artery ligation surgery, muscles were immunostained for GFP ϩ BMDCs ( Figure  2C arrows). The number of GFP ϩ cells in muscles increased 2.48-fold after platelet infusion and decreased 2.17-fold after platelet depletion compared with muscles from the control groups ( Figure 2D ). Taken together, these data underscore the importance of platelets in BMDC recruitment to sites of hypoxia-induced neovascularization.
Platelet-induced BMDC recruitment stimulates angiogenesis
Angiogenesis is induced either by platelet presence in or by BMDC recruitment to perivascular regions of hypoxic tissues. 1, 2, [6] [7] [8] 14, 23 We hypothesized that these 2 processes may be linked and demonstrated that platelet levels altered BMDC homing to hypoxic tissues. We then used platelet depletion in combination with tumor implantation to assess the importance of platelets in tissue neovascularization. Vessels were visualized using laminin, a blood vessel basement membrane protein, or CD31, an endothelial marker, staining in tumor sections ( Figure 3A ,C arrows). At early stages of vascularization (4 days after tumor implantation), the number of laminin-positive vessels in tumor sections of control mice was 2 or 3 per field, whereas no well-defined vascular structures were observed in platelet-depleted mice ( Figure 3A-B) . At the same time, platelet infusion stimulated blood vessel formation by 30% (data not shown). Nine days after tumor implantation, there were still substantial differences (2.68-fold decrease on platelet depletion) in vascular area as judged by CD31 staining ( Figure  3C-D) . Visually, the length of blood vessels was diminished in tumors with platelet depletion ( Figure 3C ). Tumors in control mice contained approximately 6 vessels/mm 2 with well-defined laminin staining ( Figure 3A,C) . Conversely, tumors from mice undergoing To induce ischemia, ligation of the femoral artery was performed and the experiment was terminated 14 days later (n ϭ 4). In a separate group of mice, tumor cells were implanted subcutaneously: B16-F10 (2 ϫ 10 6 cells, n ϭ 8), RM1 (4 ϫ 10 5 cells, n ϭ 5), or LNCaP-C4-2 (4 ϫ 10 5 cells, n ϭ 4), and excised after 9 days (B16-F10), 12 days (RM1), or 28 days (LNCaP-C4-2). Blood samples were collected from mice before tumor implantation or ischemic surgery (Initial, white columns) and on experimental termination (Final, black columns). (B-D) After tumor implantation or hindlimb ischemia surgery, 3 ϫ 10 9 platelets were infused into mice every 5 days by tail vein injection. Control mice were injected with phosphate-buffered saline (PBS). Separately, mice were treated intravenously with 2 g/g body weight rat anti-mouse GPIb␣ to deplete platelets or rat IgG as a control. Injections were repeated every 3 days. (B) Whole blood was collected before (Initial, white columns) and 9 days after (Final, black columns) B16-F10 tumor implantation (n ϭ 6). (C-D) Whole blood was collected before ischemic surgery (Initial, white columns), from IgG or PBS-treated mice (Ischemia, gray columns), and from mice after platelet (PLT) infusion or depletion (black columns) (n ϭ 6). Red blood cells were lysed, and the sample was labeled with CXCR4 antibody conjugated with phycoerythrin and analyzed by flow cytometry. Values are mean percentage of CXCR4 ϩ cells Ϯ SEM. *P Ͻ .05, **P Ͻ .01, and ***P Ͻ .005 by Student t test (A-B) or 1-way analysis of variance (C-D) versus initial samples.
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Next, we assessed angiogenesis in our ischemic model on platelet infusion and depletion. Vessels within the muscles 2 weeks after ischemic surgery were stained with von Willebrand factor ( Figure 3E ). In both control and platelet-infused mice, no significant differences were noted in the diameter or location of blood vessels ( Figure 3E ). However, on platelet depletion, less than one vessel/field was present ( Figure 3E ). Quantitative analysis demonstrated that platelet infusion induced vascular density by 1.28-fold, whereas platelet depletion inhibited vessel formation by 2.19-fold compared with their respective controls ( Figure 3F ). Taken together, our data demonstrated that platelet infusion stimulated blood vessel formation in hypoxic tissues, whereas platelet depletion inhibited this process. Together with our results on the BMDC release and homing, these data show that platelets promote angiogenesis by stimulating the mobilization and recruitment of proangiogenic BMDCs, which are necessary for neovascularization of hypoxic sites. [6] [7] [8] 
Platelet infusion stimulates BF in ischemic limbs
Our data demonstrate that platelets control hypoxia-induced neovascularization. To determine whether platelets mediate the formation of functional vasculature, BF was measured by Doppler imaging before and after hindlimb ischemia surgery. Before surgery, mice in each group displayed similar BF levels ( Figure 4 ). After surgery, mice were infused with or depleted of platelets. BF levels in the nonoperated limbs did not change significantly throughout the experiment (data not shown). Directly after surgical intervention, BF diminished to approximately 30% of the initial levels for both control groups, platelet-infused, and platelet-depleted animals ( Figure 4A ). With platelet infusion, BF was increased 2.04-fold at 2 days and 1.45-fold at 2 weeks compared with control animals ( Figure 4A left). By 2 days postoperatively, BF in the platelet-infused animals had returned to 75% of the initial reading and was at 91% by 2 weeks (Figure 4A left) . Control mice recovered approximately 70% of their initial BF by 2 weeks ( Figure 4A ). Conversely, platelet depletion inhibited BF recovery and suppressed angiogenesis postoperatively ( Figure 4B ). Plateletdepleted BF was 0.43-fold of control after 2 days and was 0.47-fold at 2 weeks ( Figure 4A right) . Two weeks after surgery, BF in platelet-depleted animals had only recovered 25% of initial BF (Figure 4A right) . Thus, platelet infusion promoted BF recovery after surgery, whereas platelet depletion reduced it. These data correlated directly with the changes noted in blood vessel formation and maturation. Taken together, our results PLATELETS COORDINATE BMDCs DURING ANGIOGENESIS 3897 BLOOD, 7 APRIL 2011 ⅐ VOLUME 117, NUMBER 14 For personal use only. on September 23, 2017. by guest www.bloodjournal.org From indicate that platelets are crucial to angiogenesis during tumor expansion and postischemia recovery.
Platelet ␣-granule secretion regulates BMDC recruitment
Having established a role for platelets in BMDC recruitment and neovascularization, we assessed which platelet characteristic was essential for their proangiogenic function by performing platelet infusion from knockout mice with various platelet defects. Platelets perform 2 main functions in hemostasis: platelet aggregation and secretion. Aggregation mediated by platelet fibrinogen receptor ␣ IIb ␤ 3 integrin is an essential part of thrombus formation. Beta 3 integrin null platelets lack aggregation responses, thereby resembling human Glanzmann thrombasthenia patients. 24 Platelet secretion has a prohemostatic function involving release of the contents from 3 types of granules: ␣-granules, dense granules, and lysosomes. Pearl mice, which serve as a model of HermanskyPudlak syndrome, are characterized by deficiencies in dense granule and lysosome secretion. 25, 26 Vesicle-associated membrane protein-8 (VAMP-8/endobrevin) null mice have a defect in the secretion machinery of ␣-granules (70% reduced secretion), with minor defects in dense granules and lysosomes. VAMP-8 deficiency affects membrane fusion without any effect on granule biosynthesis or platelet signaling. 27 Platelets isolated from these knockout mice were transfused into chimeric WT/GFP mice followed by tumor implantation. Platelet levels in transfused mice were approximately 2.5-fold higher compared with mice without platelet infusion regardless of genotype (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). Several characteristics were monitored, including BMDC recruitment into vasculature, tumor weight, and tumor vascularization ( Figure 5 ). As anticipated, infusion of WT platelets promoted a 2.43-fold increase in BMDC recruitment ( Figure 5B), which resulted in augmentation of tumor growth by 1.73-fold compared with control mice ( Figure 5A ). Accordingly, vascular area correlated with tumor progression because platelet infusion promoted a 2.00-fold increase in vascular density ( Figure 5C ). Infusion of aggregation-deficient Beta 3 integrin null or dense granule secretion-impaired Pearl platelets produced increases in BMDC recruitment and in tumor weight over control comparable that of WT platelets (3.14-and 2.39-fold for BMDCs and 1.76 and 1.67 for tumor weight, respectively; Figure 5A-B) . Therefore, platelet aggregation and dense granule secretion are not crucial for the proangiogenic role of platelets and for BMDC recruitment. In contrast, VAMP-8-deficient platelet infusion diminished BMDC recruitment 2.88-fold compared with WT infusion ( Figure 5B) . Indeed, the numbers of recruited BMDCs were not significantly different between control mice without platelet infusion and mice infused with VAMP-8 null platelets ( Figure 5B) . Thus, lack of ␣-granule secretion completely abolished the effect of infused platelets on the recruitment of proangiogenic BMDCs. Likewise, respective differences were observed in tumor weight because infusion of VAMP-8 null platelets reduced tumor weight 1.52-fold compared with WT platelet infusion ( Figure 5A ). Consistent with a key role for BMDCs in angiogenesis, infusion of VAMP-8 null platelets did not promote tumor vascularization and there was no difference between control mice and mice infused with VAMP-8 null platelets ( Figure 5C ). Thus, VAMP-8 deficiency in platelets abolished the effects of platelet infusion on BMDC recruitment, angiogenesis, and tumor growth. Therefore, our data suggest that ␣-granule secretion is required for platelet-induced BMDC recruitment and the function of these cells in tumor angiogenesis and growth.
Platelet ␣-granules sequester tumor-derived factors
Our data demonstrate that platelet ␣-granule secretion is crucial for communication between hypoxic tissues and the BM, which results in mobilization of proangiogenic BMDCs. We used a tumor xenograft model to determine what factors produced by tumor were sequestered by platelet ␣-granules. Platelets were isolated mice with or without tumors, lysed, and assayed using an enzyme-linked immunosorbent assay-based, human-specific protein array to determine the levels of tumor-derived proteins within platelets. Several factors associated with BMDC mobilization were found to be tumor-produced and present within platelet lysates ( Figure 6 ). Among these were granulocyte colony-stimulating factor, macrophage colony-stimulating factor, matrix metalloproteinase-9, and granulocyte-macrophage colony-stimulating factor, which are known to be associated with the release of stem cells from the BM niche into the circulation 8, [28] [29] [30] and ranged from 25 to 335 pg/mL in platelets ( Figure 6A ). While in the BM and circulation, thrombopoietin and IL-6 support stem cell survival and expansion 29, 31 and were found at the highest levels within platelets (thrombopoietin, 13 798.81 Ϯ 3292.31 pg/mL; IL-6, 8500.57 Ϯ 2356.11 pg/mL; Figure  6B ). Further, IL-6-induced CXCR4 expression on BMDCs potentiates their migration and recruitment. 31 SDF-1␣ and vascular endothelial growth factor (VEGF) regulate BMDC adhesion and homing toward hypoxic sites 2,32 and were present in platelet lysates (SDF-1␣, 5783.01 Ϯ 532.61 pg/mL; VEGF, 1068.25 Ϯ 629.11 pg/mL; Figure 6B ).
Release of SDF-1␣ in the vasculature is of particular interest as it might induce a localized SDF-1␣ enrichment, resulting in BMDC mobilization toward the circulation. Taken together, these results show that platelet ␣-granules serve as reservoirs for factors produced by hypoxic tissues; many of which promote BMDC mobilization.
Platelet TSP-1 diminishes tumor growth
As shown in Figure 6 , platelet ␣-granules contained high concentrations of angiogenic and BMDC-stimulating factors, but only sequester a few antiangiogenic proteins, mainly represented by TSP-1. Therefore, platelet TSP-1 might effectively balance the activity of various proangiogenic factors. Accordingly, using our tumor model, we infused mice with WT or TSP-1 null platelets resulting in a 2.5-fold increase in platelet numbers (supplemental Figure 1) . Tumors from mice infused with TSP-1-deficient platelets were larger than those from mice infused with WT platelets, indicating that the lack of only platelet TSP-1 was sufficient to shift the balance toward increased tumorigenesis ( Figure 7A ). This was consistent with previous reports emphasizing the suppressive role of TSP-1 in tumor growth. 17, 33 Importantly, TSP-1 deficiency in NOD/SCID mice were injected subcutaneously with human LNCaP-C4-2 cells. After 28 days of tumor growth, platelets were isolated from the whole blood of control (white columns) and tumor-bearing (black columns) mice and lysed. A speciesspecific array for human proteins was used to determine the concentrations of tumor-derived cytokines, represented as mean values Ϯ SEM (n ϭ 4). (A) Tumorderived thrombopoietin (TPO), interleukin-6, (IL-6), stromal-derived factor 1a (SDF-1a), and vascular endothelial growth factor (VEGF) are highly concentrated in platelets. (B) Tumor-derived granulocyte cololny-stimulating factor (G-CSF), monocyte colonystimulating factor (M-CSF), matrixmetalloproteinase-9 (MMP-9), and granulocytemacrophage colony-stimulating factor (GM-CSF) are present at lower levels in platelets. No tumor-derived proteins were found in the platelets of control mice, demonstrating the specificity of the array. *P Ͻ .05 vs control (Student t test). ***P Ͻ .005 vs control (Student t test).
infused platelets resulted in increased CXCR4 ϩ BMDC mobilization ( Figure 7B ). TSP-1 null platelet infusion stimulated 1.37-fold higher circulating BMDC levels compared with WT infusion and 2.31-fold compared with control ( Figure 7B) . Thus, the absence of TSP-1 in platelet ␣-granules stimulated tumor growth and enhanced BMDC mobilization. Therefore, the primary antiangiogenic factor TSP-1 in platelets can counteract the effects of the plethora of proangiogenic and BMDC mobilization factors within platelets.
Discussion
In this study, we use 2 models of hypoxia-induced neovascularization (tumor growth and hindlimb ischemia) to demonstrate the cellular mechanisms underlying the proangiogenic role of circulating platelets. We show that platelets facilitate communication between hypoxic tissues and the BM and mediate the release of proangiogenic BMDCs into the circulation. These cells are then recruited to angiogenic sites and contribute to augmented vascularization and improved blood supply. This novel mechanism is operational in both tumors and ischemic limbs. We further show that platelet ␣-granule secretion, but neither platelet aggregation nor dense granule secretion is responsible for BMDC mobilization and subsequent angiogenesis. We show that platelets sequester several tumor-secreted growth factors and cytokines that promote BMDC mobilization. These factors are counterbalanced by the main antiangiogenic agent, TSP-1, which is abundant in platelet ␣-granules. A loss of TSP-1 in only infused platelets resulted in dramatically increased BMDC mobilization and tumor growth. Thus, platelets serve as a key mediator between hypoxic tissues and the BM facilitating the release of proangiogenic BMDCs, which are recruited into the tissue in need and promote its blood supply, thereby contributing to the systemic nature of the angiogenic process.
In recent years, several reports suggest a role for blood components in angiogenesis, especially during tumorigenesis. 11 Infusion of platelets together with leukocytes results in improved BF and vessel formation in several angiogenic models: corneal pockets, hindlimb ischemia, and arterial occlusion. 14, 34 Conversely, platelet depletion diminishes angiogenesis in models of retinal neovascularization, 12 corneal pockets, and Matrigel implantation studies. 13 In tumors, platelet depletion results in intratumoral hemorrhage because of vessel destabilization. 11 Thus, previously published studies establish that platelets are proangiogenic in most models of neoangiogenesis. Our study shows that platelets benefit growing vasculature not directly but by facilitating the recruitment of another important cellular component of angiogenesis: BM-derived myeloid cells.
BMDC mobilization occurs through several stages. First, they are released from the BM niche and migrate to the sinusoidal vascular niche. Next, BMDCs cross the endothelium into the circulation and home to hypoxic tissues. Mobilization signals must travel from the site of injury to the BM without being used or degraded and, thus, must be protected in the circulation. Our data demonstrate that platelets fulfill this particular role. Monitoring BMDC release in our tumor and ischemia models, we observe that platelet injection enhances BMDC mobilization and recruitment into the sites of neovascularization, whereas platelet depletion results in the opposite effects. In our study, a significant increase in the number of CXCR4 ϩ cells is recorded 2 days after ischemia (data not shown) and reaches a peak 2 weeks later, during the time of intense tissue regeneration. The presence of CXCR4 ϩ cells in the circulating blood and GFP ϩ cells in the ischemic tissue indicates an accelerated healing process, propagated by repeated platelet injections. Several reports suggest an interaction between BMDCs and platelets. It is reported that BMDCs adhere to platelets under static and dynamic flow conditions and that platelets directly induce differentiation of "endothelial progenitors" into mature endothelial cells, 35 which leads to vascular rescue and promotes tissue recovery. 36 We observe BMDCs only in close proximity with blood vessels, with a negligible amount of GFP ϩ cells directly incorporating into the tumor endothelium, similar to observations reported by multiple groups. 2, 3, 7, 37, 38 The increased presence of BMDCs in the dynamically reorganized vasculature after platelet injection indicates that platelets might not only promote release of BMDC into the circulation but that platelets also facilitate BMDC recruitment into ischemic tissues.
In this study, we use a general marker for BMDCs (CXCR4, a key receptor for SDF-1␣) and do not attempt to differentiate between the diverse populations of recruited cells. CXCR4 ϩ proangiogenic cells represent a heterogeneous population and have been described as endothelial progenitor cells, smooth muscle progenitors, mesenchymal stem cells, hematopoietic stem cells, fibroblasts, or tumor-associated myeloid cells. 2, 7, 28, 30, [39] [40] [41] Based on our previously published studies, we think that the use of CXCR4 as a marker allows for tracking of the majority of recruited BMDCs. 1 Regardless of the presence of additional markers, these BMDCs are crucial for angiogenesis and vascular maturation in various models. 1, 3, 8 Reflecting the overall heterogeneity of these cells, multiple cytokines are reported to be essential for their recruitment; however, many studies emphasize the central function of SDF-1␣. 4, 36, 40 SDF-1␣ has an effect additive to that of VEGF on neovascularization in tumors 42 and in ischemic limbs. 43, 44 Interestingly, SDF-1␣ accumulation in platelets is involved in angiogenesis regulation and vascular repair. 45 Likewise, studies performed on SDF-1␣ and CXCR4 null mice emphasize that the SDF-1␣/ CXCR4 axis is crucial for BMDC mobilization into the bloodstream. 46 Increased numbers of circulating BMDCs might be sufficient to promote vascularization. 47 Homing of BMDCs to areas of neovascularization is proposed to be directed by a VEGF concentration gradient. 2 Thus, VEGF is required for the recruitment and maintenance of BMDCs at sites of angiogenesis. 2 In both experimental models used in this study, there is a substantial amount of VEGF produced either by ischemic muscle or by the growing tumor, which ensures the recruitment of circulating CXCR4 ϩ cells and their subsequent proangiogenic function. Thus, together with published studies, our data show that the plateletmediated release of CXCR4 ϩ cells from BM is a crucial step during angiogenesis.
Circulating platelets sequester and store in their ␣-granules factors, which mediate BMDC recruitment. 32, 48 Therefore, our results demonstrating a crucial role for platelet ␣-granule secretion during BMDC recruitment are well supported by existing evidence. It was shown previously that infusion of degranulated platelets could not prevent intratumor hemorrhaging associated with vascular dysfunction after thrombocytopenia, whereas resting platelets could rescue tumors. 11 It was surprising that neither the lack of dense granule secretion nor ␣ IIb ␤ 3 and platelet aggregation diminishes the proangiogenic function of platelets. Another important aspect of platelet activation is the release of microparticles, which can enhance angiogenesis. Further studies are required to determine the effects of platelet microparticle release on BMDC mobilization and recruitment. However, microparticle release is diminished in integrin Beta 3 null platelets (W.F. and T.V.B, manuscript in preparation); and because tumor growth is identical after WT and integrin Beta 3 null platelet infusion, we do not expect altered microparticle levels resulting from platelet infusion to play a role in tumor growth in our model. Thus, it appears that it is the platelet's ability to intake, transport, and release key factors from ␣-granules that is most important for angiogenesis. Importantly, platelets are highly selective in their uptake and secretion because they store and release proangiogenic and antiangiogenic proteins in an independent manner. 15 Thus, platelets play an active role in the endocytosis of angiogenesis regulators. BMDC mobilization by platelets may be the result of the well-timed and controlled release of sequestered proteins within the BM niche. This makes platelets an efficient mediator between the BM and hypoxic tissues requiring new vasculature.
We show that platelets specifically sequester several tumorderived factors involved in BMDC mobilization and angiogenesis, including thrombopoietin, SDF-1␣, VEGF, granulocyte colonystimulating factor, macrophage colony-stimulating factor, matrix metalloproteinase-9, and granulocyte-macrophage colonystimulating factor. Interestingly, these proteins were produced by the hypoxic tissue, the tumor itself. Proangiogenic factors predominate in the platelets of mice bearing tumors. 16 Thus, we propose that the stimulatory effect on BMDC mobilization and angiogenesis is mediated not by one single factor, but rather by several factors in combination, thereby affecting multiple aspects of the multicellular process of angiogenesis.
Importantly, this plethora of angiogenic factors appears to be balanced by TSP-1, which is abundant in platelet ␣-granules and has several nonoverlapping antiangiogenic functions, including inhibition of matrix metalloproteinase-9 activity, which affects VEGF release from the extracellular matrix 49 and ligation of endothelial CD36, leading to the reduction of endothelial cell migration. 33, 50 Although TSP-1 is up-regulated in the platelets of tumor-bearing mice, it serves as a powerful negative regulator during initial tumor angiogenesis. 17 We show that the lack of TSP-1 in the proportion of infused platelets is sufficient to escalate tumor growth in vivo. Importantly, a lack of TSP-1 in platelets causes increased BMDC mobilization. This might be because of TSP-1's effects on VEGF release, which alters the VEGF gradient required to retain BMDCs in hypoxic tissues.
In conclusion, our study bridges several previous observations and provides a cellular mechanism underlying the role of platelets in angiogenesis. Platelets function as communicators between hypoxic tissues and the BM to stimulate BMDC mobilization, a key step for their recruitment and proangiogenic function. Platelets probably function in a similar fashion in other angiogenic situations, such as myocardial infarction repair and retinopathies. Control of platelet levels and their secretory function may aid in the treatment of various pathologies.
